The structure in space and time of a driven turbulent magnetoplasma is analyzed using kinetic simulations. For a two dimensional case with a strong uniform out-of-plane magnetic field, large scale driving produces a turbulent state that spans fluid scales to kinetic proton scales. There are fluid electrons in this hybrid representation. In near steady conditions, spectral analysis shows an almost complete absence of discrete point spectral features that would be associated with a dispersion relation and wave activity. While there is indication of a low level of wave activity, the results show that the dynamics are dominated by nonlinear activity. Implications for understanding plasma cascade, dissipation, and heating are discussed.
I. INTRODUCTION
Strong turbulence, a difficult problem in hydrodynamic and magnetohydrodynamics ͑MHD͒ regimes, is an even more challenging subject in a kinetic ͑or low collisionality͒ plasma. In all turbulent systems the problem involves complex nonlinear interactions and a potentially very large number of fluctuation degrees of freedom. Plasma turbulence additionally involves wave-particle interactions that are responsible for crucial effects such as plasma dissipation. In addition, plasmas support new types of normal modes, including waves not found in fluid models. Substantial effort has been made to arrive at useful descriptions of plasma dynamics in terms of wave modes, postulating that turbulence might be described, in a leading order fashion, as an ensemble of waves. Under this assumption, coherent waves interact nonlinearly transmitting energy to small scales. This kind of "weak turbulence" approach has been employed in both high frequency and low frequency regimes, 1,2 as well as in the case of low frequency magnetofluid ͑MHD͒ cases. [3] [4] [5] Properly speaking normal mode analysis emerges from small amplitude perturbations about a known state, and for the collisionless case linear analysis about a Vlasov equilibrium has gained favor as a method to compute damping rates of specific wave modes. 6 Linear damping rates are then integrated into an analysis of turbulence as a mechanism for terminating a cascade ͑e.g., Refs. 7-9͒. While there is considerable variation in the details of implementation of these approaches in the cited works and others, a typical common feature is the assumption that the normal mode analysis applies as first approximation. While the accuracy of this procedure will vary according to circumstances, the present paper focuses on examination of the applicability of the linear wave description for a simple but relevant model of a kinetic plasma. In particular we examine the space-time ͑wavenumber-frequency͒ structure of a two dimensional ͑2D͒ hybrid plasma, in a geometry that occupies an important role in the anisotropic cascade favored by MHD turbulence in the presence of a moderate to strong applied magnetic field. The central role of 2D turbulence in various systems has been studied experimentally 10, 11 and in simulations. 12, 13 In brief, low frequency magnetofluid turbulence shows a preference for spectral transfer to wave vectors perpendicular or nearly perpendicular to a mean magnetic field. Theoretical models that build in this spectral anisotropy include reduced MHD and related models. 9, 14, 15 The core driver of the anisotropic low frequency cascade is population of 2D Fourier modes, which are nonpropagating and do not experience the global Alfvénic decorrelation that weakens transfer. Indeed studies have shown that the nonpropagating 2D turbulence component must be present to sustain strong turbulence, as seen, e.g., in coronal heating models driven by waves. 16 Furthermore there is evidence that plasmas with even moderately strong guide fields exhibit substantial anisotropy. 13 An example is the solar wind in which simple parametrization is in accord with observations when as much as 80% of the energy is placed in 2D degrees of freedom.
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The present study employs a kinetic hybrid simulation in a 2.5D geometry to study the space-time structure of driven turbulence. The space-time structure as revealed by a "k − " ͑wavenumber-frequency͒ analysis will reveal any evidence, if present, of excited normal modes and point spectral features. This approach was first used by the authors to study the space-time structure of the Orszag-Tang vortex 18 and is complementary to a recent study 19 of driven 3D MHD turbulence with varying mean field strength. In the latter case the frequency spectra were found to be dominated by broad band signals with little evidence of point spectral features at all values of applied magnetic field. In contrast the present model begins with 2D and does not follow the development of anisotropy ͑for a complementary case see Ref. 20͒ . By including kinetic effects and a spectral range that spans the a͒ ion inertial scale, we can examine the relative roles of purely nonlinear continuous spectra and point spectral features that arise from wave dispersion relations.
II. SIMULATION DETAILS
We study kinetic turbulence starting with a Maxwellian plasma, driven in time with large scale magnetic vortices. We use the hybrid code P3D-HYBRID in 2.5D ͑a parallel version of the code described in Ref. 21͒, which models protons as individual particles and electrons as a fluid. This code has been used extensively to simulate magnetic reconnection ͑Refs. 22-25 and references therein͒. The code advances the following equations:
where ␥ =5/ 3 is the ratio of specific heats, J = ٌ ϫ B is the current density, J i is the ion flux, P e is the electron pressure, T e = P e / n is the electron temperature, ⑀ H ϵ c / ͑L 0 pi ͒ is the normalized proton inertial length, m e and m i are the electron and proton masses, and x i and v i are the positions and velocities of the individual protons. Magnetic field is normalized to some b 0 and density to some n 0 . Length is normalized to L 0 , velocity to V 0 = b 0 / ͑4mn 0 ͒ 1/2 , time to t 0 = L 0 / V 0 , and temperature to b 0 2 / ͑4n 0 ͒. e is the electron viscosity and is the thermal diffusivity. F b is the forcing term for the magnetic field in the plane of the simulation. ␣ is a dimensionless constant to control the strength of driving. The magnetic field B is determined from BЈ using the multigrid method. The fields are extrapolated to the particle positions using a firstorder weighting scheme, which is essentially linear interpolation. 26 This allows the smooth variation due to particle motion of the fields felt by the particle. A similar firstorder weighting scheme is used to determine the fluid moments at the grid locations from the particles. The code assumes quasineutrality. The e term transfers energy from the magnetic field into the electron thermal energy.
III. RESULTS
The numerical results are for system size 2 ϫ 2 and 256ϫ 256 grid points. There are about 52.4ϫ 10 6 protons having an initial Maxwellian distribution and a uniform temperature of T i = 20. The initial electron temperature is T e = 2.0. The Hall parameter ⑀ H =2 / 12.8 and the electron mass m e = 0.04m i . A ٌ 4 equivalent electron viscosity with e =3ϫ 10 −6 is present, which damps magnetic fluctuations at electron fluid scales. The thermal diffusivity is =5ϫ 10 −2 , which regulates Fick's law electron heat flux. A guide field of B z = 8.0 ͑␤ =2nT / B 2 = 0.6875͒ lies out of the plane and reduces the compressibility of the system. The driving function was chosen to have nonzero wave vectors ͑k x , k y ͒ with 2 Յ ͉k͉ Յ 3 and no time dependence. These associated amplitudes were assigned with a flat modal spectrum having amplitudes such that ͗F b 2 ͘ = 0.5 ͑͗¯͘ denotes the spatial averaging͒ and random phases. The strength of the driving was controlled by setting the parameter ␣ = 0.05. The system was evolved for ϳ147 nonlinear times.
The magnetic energy shown in Fig. 1 indicates that the system attains an approximately steady state at about t =30 which suffices to analyze the high frequency fluctuations that are the emphasis of the present study. At later times, the slower relaxation processes start dominating the time evolution of the system and the steady state is lost. A time averaged omnidirectional spectrum in the wavenumber space ͑between time t = 40.84 and t = 147.25͒ is shown in Fig. 2 . The spectrum shows steepening at the Hall scale d s = c s / ci ͑c s is the sound speed and ci is the ion cyclotron frequency͒ where Hall physics becomes important. 27 The Eulerian frequency spectrum ͑Fourier transform of the single point two time magnetic autocorrelation function͒, The energy in higher wave modes achieves an approximate steady state after t ϳ 30. At times later than t = 70 slower relaxation processes start to dominate the time evolution and the steady state is lost.
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which is shown in Fig. 3 , follows a broad band power law distribution with index not very different from Ϫ5/3. 28 One notable feature is that the total Eulerian spectrum does not show prominent peaks at any frequency. Another missing feature to be emphasized is a discernible peak in power at or near the ion cyclotron frequency. This suggests the apparent absence of cyclotron resonance or any harmonics of it in the plasma dynamics. The smaller peaks seen at the higher frequencies are roughly consistent with ion Bernstein and magnetosonic modes and have very small energy. We will elaborate on the space-time structure by resolving the Eulerian correlation into spectral contributions of individual wavenumbers.
The k − ͑wavenumber-frequency͒ spectra were calculated during the time t = 40.84 to t = 53.91. The guide field being out of the plane of simulation does not allow for any global parallel wave vectors. Hence we look for dispersion relations corresponding to propagation of waves perpendicular to the mean magnetic field. These could correspond to Alfvénic waves propagating along the local magnetic field, local kinetic Alfvénic waves having highly oblique wave vectors, local whistlers, magnetosonic modes propagating oblique or perpendicular to the mean magnetic field, cyclotron waves, or many possible types of global oscillations of magnetic flux tubes and magnetic islands. ͑One simple type of wave that is absent is the global Alfvén wave relative to the uniform vertical field, as there is no vertical wavevector component in this model.͒ In spite of the apparently many possible wave modes that this system can support, each of which could contribute to point spectral features, the k − spectra are practically featureless. The top figure in Fig. 4 shows the k − spectrum of the magnetic field in the y direction with wave vectors in the x direction. The spectrum of B x ͑not shown͒ is similar also. There are no recognizable wave modes present in the perpendicular components of the magnetic field. Most of the energy is in the driving wave numbers and some energy can be seen in k = 1 mode also. This happens through inverse cascade driven by back transfer of the magnetic potential 29 which is a familiar feature of 2D magnetofluid turbulence. Inverse transfer of energy to the longest wavelength modes is also indicated by the growth of magnetic energy in the wave vector k = 1. The bottom figure in Fig. 4 shows the k − spectrum of the parallel component of the magnetic field B z . We can see a very small amount of power in the some wave modes ͑indicated by the peaks following the dispersion relation curve͒ but these have energy which is about two orders of magnitude smaller than the available free energy of the system.
IV. CONCLUSIONS
These numerical results provide a picture of the spacetime structure of 2D kinetic turbulence in the regime spanning both magnetofluid scales and proton kinetic scales. Apart from the specialization to the two dimensional geometry and the lack of representation of the electron kinetic scales, we have made very little assumption about the nature of the dynamical degrees of freedom that operate at these scales that are crucial in providing an interface between MHD and kinetic plasma dynamical regimes. In particular the hybrid simulations allow the presence of local Alfvénic fluctuations that propagate along local magnetic field direction as well as the cyclotron motions of the ions. The system should be able to support global Alfvénic oscillations of islands in addition to local couplings akin to Alfvén, kinetic Alfvén, whistler, cyclotron, and magnetosonic modes. Of these only the magnetosonic and ion Bernstein modes would have a classical dispersion relation, but a number of the other cases would contribute to discrete frequency oscillations that give rise to point spectral features on the Eulerian spectrum. With the exception of Bernstein and magnetosonic activity FIG. 3 . Eulerian frequency spectrum of magnetic field. The solid line is the frequency spectrum for the total magnetic field, the dashed line is the perpendicular component of the magnetic field, and the dotted line is the frequency spectrum of the parallel component of the magnetic field ͑B z ͒. Cyclotron frequency and a Ϫ5/3 line ͑dashed-dotted͒ are shown for reference purposes. The only recognizable spectral peaks are roughly consistent with ion Bernstein and magnetosonic modes. The amount of energy in these modes is also many orders of magnitude smaller than the available free energy in the system. with at most a percent of available energy, none of these discrete frequency modes are observed in any prominent feature of the spectrum. This suggests that the kinetic plasma in 2D geometry in a range of scales spanning the ion inertial scale behaves essentially as a complex nonlinear system, when driven statically or at low frequencies. ͑We present the time dependent forcing cases in a later paper.͒ The dynamics appears to be essentially broad band with little evidence of wave activity in the cascade. In spite of many kinetic degrees of freedom available, this feature is reminiscent of zero frequency hydrodynamic behavior, and is closely related to the similar result found recently in incompressible MHD with a varying strength guide field. 19 We conclude tentatively that in the limit of strong turbulence, 2.5D hybrid kinetic behavior is dominated by featureless "zero frequency" behavior. It is not clear to us how relevant to this case will be the descriptions of turbulence that rely on iteration about a leading order wave solution. It is difficult to see how weak turbulence approaches can be made relevant to this plasma regime, or to more complex higher dimensional plasma regimes in which the 2D dynamics forms the core turbulent solution. The quest to identify relevant dissipation mechanisms becomes more problematic when wave modes are not the dominant dynamical feature. First the vocabulary for describing channels for dissipation becomes less precise, many studies discuss dissipation in terms of which wave modes are involved. 7, 8 Second, the familiar method of computing the rates of conversion of fluid to internal energy based in linear Vlasov damping rates of wave modes seems likely to require revision when the core solutions are of the type described here. A more fundamentally nonlinear picture of dissipation may be required, either by extension of the uniform Vlasov approach to a nonlinear regime ͑e.g., Ref. 20͒ or by examination of inhomogeneous nonlinear mechanisms perhaps based on particle energization at vortices 30 or at current sheets and reconnection sites. 31, 32 Further study of the space-time structure of the kinetic plasma will need to examine three dimensional cases as well as a wider range of plasma parameters. The spectrum is featureless without any recognizable wave modes present. In a similar energy spectrum of the z-component of the magnetic field, the only recognizable feature is likely some combination of magnetosonic and ion Bernstein modes and the power in those modes is orders of magnitude smaller than the free energy in the system.
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